Summary Pleural effusions can be caused by highly different underlying diseases and are characterized by complex interactions of various local and circulating cells as well as numerous soluble parameters like interleukins (IL). Knowledge about this complex network could help to indicate underlying disease. Therefore, we have investigated immunoreactive concentrations of IL-4, IL-6, IL-11, IL-15, IL-17, IL-18, and tumor necrosis factor-a (TNF-a) in pleural effusions and peripheral blood from patients with tuberculosis, bronchial carcinoma and other carcinomas as well as congestive heart failure (CHF) and pneumonias. To determine the value of cytokine measurement for differential diagnosis, statistical and fuzzy-logic methods were applied. Quantitative analysis showed high concentrations of IL-6 and IL-11 only in pleural effusions. IL-15, IL-17, IL-18 and TNF-a could be detected also in blood plasma. Lowest amounts were detected in CHF indicating the non-inflammatory origin of effusions. Statistical analysis did not provide evidence for diagnostic relevance of singular cytokines. Fuzzy-logic analysis was able to assign patients to the correct diseases with 80% accuracy using IL-6 and IL-15 measurement. Our results confirm the pathogenetic role of these cytokines in pleural effusions. Fuzzy-logicbased procedures may help to characterize and distinguish effusions of unknown origin even in small patient groups.
Introduction
Pleural effusions are the result of a disturbed equilibrium between production and elimination of the pleural fluid. The formation of pleural fluid is influenced by circulating and local inflammatory E-mail address: pawel@chomej.de (P. Chomej).
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cells, as well as a number of soluble parameters like interleukins (IL), growth factors, proteinases and their inhibitors. [1] [2] [3] [4] Interleukin-4 (IL-4) plays an important role in the modulation of the immune response in infection with M. tuberculosis. 5 The synthesis of IL-6, having a wide spectrum of biological activities can be stimulated by many factors and was found to increase in the pleural effusions of patients with pulmonary carcinoma and tuberculosis (TB).
6-9 IL-11 can reduce the production of inflammatory mediators, inhibit the primary and secondary immune response in vitro and in vivo, and modulate specific antigen antibody reactions. It also stimulates the T cell dependent development of specific immunoglobulin-secreting B cells, 10 and because of its upregulation by inflammatory cytokines it can play an important role in pulmonary inflammation. 11 Recent studies described the induction of the activity of mononuclear cells of the pleura and the blood through IL-15 as well as the increasing of the cytotoxic activity of the effusionassociated lymphocytes in pleural effusion. 12, 13 IL-17 is known to be stimulated by the tuberculin purified protein derivate (type 1) and is a mediator produced by activated T lymphocytes that play an important role in the immune system.
14 Lung fibroblasts and alveolar macrophages are thought to be the main source of IL-18, that can enhance the production of interferon-g (IFN-g) and granulocyte-macrophage colony stimulating factor (GM-CSF) in mononuclear peripheral blood cells, production of T helper type 1 cytokines, IL-2, GM-CSF and IFN-g in T cells, and expression of Fas ligand by T helper type 1 cells. 15 Tumor necrosis factor-a (TNF-a) shows also a broad spectrum of biological activities because of the occurrence of its receptors on all cells, including the pleura cells, of the human body with the exception of the erythrocytes, and it is known as a macrophage activating substance and it additionally plays an important role with the development of the mycobacterial granuloma. 16, 17 A recently published study proved that increased blood plasma concentrations of ILs can be found in patients with TB-induced pleural effusions. 18 Therefore, we determined cytokines in pleural effusions and peripheral blood of patients with TB, bronchial carcinoma (BC) and various carcinomas with secondaries to the lung (CA), congestive heart failure (CHF) and pneumonias (PN).
Because of the fact, that the determination of parameters like lactate dehydrogenase (LDH) and total protein are helpful in differentiating exudates and transudates, 19, 20 we tried to find out whether measuring of cytokines would allow further help in achieving an accurate diagnosis. For data analysis, a fuzzy-logic supported method was used.
Methods

Patients
In this study, a total of 76 patients (28 women, 48 men, age 66717 years) with pleural effusions due to TB (n ¼ 16), BC (n ¼ 28), CA (n ¼ 17), CHF (n ¼ 9) and PN (n ¼ 6) were examined. The clinical diagnosis of TB and BC was based on clinical, radiological, microbiological, cytological, or histological examinations. In addition, malignant cells in the pleural effusion or in pleural biopsies at the BC patients were determined. In these patients, the histological type was adeno carcinoma (n ¼ 12), non-small cell carcinoma of undeterminated type (n ¼ 5), small cell carcinoma (n ¼ 4), squamous cell carcinoma (n ¼ 3) and undifferentiated type (n ¼ 4). The primary tumors of all carcinoma patients with secondaries to the lung were adenocarcinomas of the breast, stomach, rectum and colon. The diagnosis of the CHF (n ¼ 9) was based on radiological and clinical findings, the transudative nature of the effusion and the exclusion of other possible etiologies. In one CHF patient an exudate was verified. Of all patients we have examined blood plasma and pleural effusion that were collected at the time of investigation. The serum of six healthy blood donors served as controls (CON).
Sample collection
All patients from the Prince of Wales Hospital, the Haven of Hope Hospital, both Hong Kong, and the University Hospital and Robert Koch Hospital from Leipzig, Germany, were consecutively entered into the study before initiation of the treatment. The only inclusion criterion was the presence of pleural effusion. The study has been approved by the ethical committees of each institution. Informed consent was obtained from each patient.
Pleural effusions were collected during the first diagnostic or therapeutic thoracocentesis. The pleural fluid was placed in tubes containing ethylene diamine tetra-acetate (EDTA) to a final concentration of 1 mg/ml. A separate portion was placed in plain tubes for determination of LDH and total protein. Blood was withdrawn from peripheral vein and collected in tubes containing EDTA (final concentration 1 mg/ml) or in plain tubes. The supernatants and cell pellets were separated by centrifugation (600g, 30 min, 41C). Plasma, serum and pleural effusion supernatants were aliquotted and stored at À701C for later analysis.
Laboratory analysis
The total cell, white cell and differential cell counts (May-Gr .
unwald Giemsa stain) were determined by counting of at least 200 cells under the light microscope. LDH and total protein concentrations were determined in the effusion supernatants and in blood serum by automated standard methods. 
Data analysis
Statistical analysis and data presentation were performed using SigmaStat and SigmaPlot software (SPSS Scientific, Erkrath, FRG). All data are presented as mean7standard error of mean. As the data were not normally distributed, Wilcoxon signed-rank-tests were performed for paired samples and Mann-Whitney U-test for independent samples. For comparisons of the independent diagnostic groups, the Kruskal-Wallis one way analysis of variance of ranks was performed. All P values of o0:05 were considered as statistically significant.
To intensify the statistic investigations, multiparametric procedures were used. Due to the small amount of patients it could not be expected that thereby valid statements for the discrimination of selected groups of patients could be won. Thus with the multi-parametric analysis the goal was pursued, to show thesisful possible connections between the parameters. For the statistic confirmation of such theses, further investigations on the basis of new data are necessary. Considering this restriction for the multi-parametric evaluation, a fuzzy-based classification procedure was selected. This methodology is characterized by the fact that the mathematical formalism can be interpreted as completely specialized linguistic. 21, 22 Both the development and using of such classification algorithms are then supported by rules in the form of ''Ifytheny''statements 23 or by comparison with known samples in the form of evaluated reference data. 24 These basic principles promote considerably interdisciplinary co-operation between the medical profession and computer scientists, since on the one hand medical specialized knowledge flows into the algorithm development, on the other hand the results can be examined regarding their medical plausibility. In the case of our fuzzy classificator, the rule-based method was selected in order to be able to divide the patients into two different groups (''infectious'' and ''malignant''). Into the ''infectious'' group TB and PN patients were classified and into the ''malignant'' group the others. This type of distribution results from a mathematical processing method and improves the diagnostic accuracy. An important characteristic of fuzzy logic is the substitution of a given ''yes-no'' decision by a graded (fuzzy) function. Thus the co-ordination of a interleukine level to the criterion, e.g. ''malignant'' would be described in terms of ''moreyless'' and not as a sharp cut-off value. Thus it is possible not to exclude uncertain or apparently contradictory parameter constellations a priori for a given allocation, but to weigh the affiliation to each of the classes as a function of numerical development. The methodical work procedures for the development of a fuzzy-based classificator are in detail described in Ref. 25 So-called membership functions of triangular shape are used in our model to describe the qualitative relation of each single marker to the term ''malignant'' for example. For the mathematical definition of the rules, inference algorithms of the MIN-MAX type were used. The defuzzyfication employed the centre of gravity method to yield an output variable quantifying the distinctness of malignancy. The membership functions and the rules were defined with reference to all available data. The result represents a multi-dimensional calculation that is implemented by an adapted computer program. With the help of the fuzzy-logic module, the measurements of different ILs are processed so that for the existence of a malignant or infectious accompanying illness of the pleural effusion, a meaningful indicator can be created. The results of the fuzzy-logic analysis were plotted on the basis of the receiver-operating characteristics (ROC) curves, that serve the evaluation of the diagnostic value of a parameter. The specificity and sensitivity are presented here in a diagram. The diagnostic value of the parameter was proven by the sensitivity at the 95% and 80% specificity.
Results
General characteristics of the pleural effusions
Total cell number and differentiation of the effusions was found as expected according to diagnostic groups. Protein and LDH concentrations in pleural effusion of CHF patients was significantly lower in comparison to other diagnostic groups (Po0:01 each).
On the basis of the measured total protein and LDH concentrations in serum and pleural effusion, effusions of the BC, TB, CA and PN patients have been classified as exudative (ratio pleural effusion/ serum 40.5 for protein and 40.6 for LDH, respectively) and the effusions of the CHF patients as transudative. 19 Among nine CHF patients was one male patient whose effusion had to be categorized as exudate because of high total protein concentration and LDH ratio on account of a diuretic therapy.
All results of these basic investigations corresponded with generally accepted medical knowledge and are not presented here in detail.
Cytokines
The concentration of all measured cytokines in all CON sera was under the detection limit and was not included in our analysis.
The concentrations of IL-4 could also not be detected and was not included in the analysis.
IL-6 was found in none of the blood samples, but in all pleural effusions. The highest absolute IL-6 values were found in the effusions of TB and BC patients (1299077395 and 824377722 pg/ml), the lowest at the CHF patients (213871730 pg/ml). We observed following statistically significant differences between diagnostic groups (BC vs. TB P ¼ 0:031; BC vs. CHF, P ¼ 0:026; TB vs. CA, P ¼ 0:012; TB vs. CHF, Po0:001; CA vs. CHF, P ¼ 0:014; CA vs. PN, P ¼ 0:036; CHF vs. PN, P ¼ 0:009; Fig. 1a) .
IL-11 was found in only 37 of 76 patients. The highest values of IL-11 were measured in TB patients (104.17105.7 pg/ml). CHF patients showed no positive results. Significant were following differences (BC vs. TB, P ¼ 0:008; BC vs. CHF, P ¼ 0:03; TB vs. CHF, Po0:001; CA vs. CHF, P ¼ 0:01; CHF vs. PN, P ¼ 0:006; Fig. 1b) .
IL-15 could be detected in most plasma samples and in all pleural effusions. Concentration was significantly higher in pleural effusions. Highest absolute values were found in effusions of CA and BC patients, whereas the lowest IL-15 concentrations were found in the plasma of the CA group. Both the differences between IL-15 concentrations in plasma and pleural effusion and between different diagnostic groups have achieved statistical significance. Means and P-values are represented in Fig. 2a .
IL-17 was found only in the pleural effusion of four of 76 patients (1 BC, 2 PN and 1 CA).
IL-18 concentrations exceeded the detection limit in only 37 of 76 patients in five plasma and 32 pleural effusion samples (Fig. 2b) . The highest values were found in CA patients. In the CHF and PN patients, we found no trace of IL-18 in the blood plasma and only seldom cases of increased concentration of this parameter in the pleural effusion. We observed following statistically significant differences (BC plasma vs. BC effusion, Po0:001; P values of significant differences are shown. Precise description of the marked patients can be found in Table 4 .
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TB plasma vs. TB effusion, P ¼ 0:025; CA plasma vs. CA effusion, P ¼ 0:008). TNF-a was found almost exclusively in patients of the TB diagnostic group (Fig. 2c) . Six of 16 TB patients had a positive result for TNF-a in the pleural effusion (146773.17 pg/ml) and three patients had a TNF-a positive plasma value, without the pleural effusion's concentration being raised. Statistically significant were these differences (BC vs. TB, P ¼ 0:011 and TB vs. CA, P ¼ 0:006).
Fuzzy-logic analysis
In order to increase the precision of the fuzzy-logic analysis, we classified negative findings as ''under detection limit''. Under this condition, further analysis could be performed for IL-6, IL-11, and IL-15 in pleural effusions. The results were plotted as ROC curves. These curves represent the evaluation of the diagnostic value of a parameter by specificity (part of the data records, which were assigned correctly to the comparison group) and sensitivity (part of the data records, which were assigned correctly to the illness group). The diagnostic value of each parameter was investigated by the sensitivity at 95% and 80% specificity. We examined the individual parameters and performed then a multi-parametric analysis. The different arrangements of diagnostic groups that were formed in the single-parameter analysis result from the mathematical processing. The software merged patients with similar findings dependent on included laboratory values.
For IL-6, 72 patients from all five diagnostic groups (BC, TB, CA, CHF and PN) were analyzed (Table 1) . When determining the cut-off value, patients with a value under resp. over cut-off could be assigned to comparison or illness group, respectively. For TB and PN patients, IL-6 was often high, and for CHF, BC and CA patients it was often low. Therefore, two classes were assigned as included in Table 2 . Thus 21 TB and PN patients form the group with often high IL-6 values, and 51 BC, CA and CHF patients the group with often low IL-6 values. Because of the upper measuring limit of 20,000 pg/ml Table 4. we could achieve the 48% sensitivity at 90% specificity.
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A statistically better situation was observed in the case of IL-15, where 74 patients could be analyzed ( Table 1) . 50 of them (BC, CA, and PN patients) had often high IL-15 values in comparison to the other 24 (TB, CHF) patients with often low IL-15 values (cut-off value 4.75). In the case of this separation we were able to classify with 95% specificity and 31% sensitivity. Other combinations of the patient groups did not show any higher sensitivity. Data are included in Table 2 .
The same procedure did not succeed for IL-11 (Table 1) . Only 36 of total 76 patients had positive IL-11 values in the pleural effusion, and we did not find any positive IL-11 values at CHF patients. After the determination of the cut-off value of 206, TB and CA patients were assigned to the group with high IL-11 values, and BC and PN patients with low IL-11 values. No sensitivity could be calculated at 95% specificity. Only at 87% specificity, a sensitivity of 38% could be found. Due to the fact that the ROC curve runs near the diagonal, no diagnostic separation was possible.
By combining ROC curves for IL-6 and IL-15, the following differential-diagnostic relations could be shown (Table 2 ). Based on the classification as calculated above, neither statistical nor practical significance could be reached.
In order to increase the sensitivity, we executed a multi-parametric analysis. The data were divided again into two classes. The diagnostic groups that could not be differentiated (''malignant'' and ''infectious'') form separate classes in each case (Table 3, Fig. 3) . The results show clearly that the application of the fuzzy classificator is more powerful in comparison to the best single parameter (IL-6), or the threshold value model combining cut-off decisions for IL-6 and IL-15. With good specificity of 90%, the best single parameter (IL-6) reaches a relatively low sensitivity of 48%. The threshold value model of IL-6 and IL-15 leads to an increase of the sensitivity to 55%, being nearly 16% less sensitive than the fuzzy classificator with a sensitivity of 71%. For comparison, the specificity of 90% is chosen, since it represents the overall specificity of IL-6 and IL-15 with a cut-off of 95% each (0.95 2 ¼ 0.903). For an optimized sensitivity of 88%, specificity of all classification methods is considerably reduced. Vice versa, at a chosen high specificity of 95%, sensitivity is diminished, whereby the fuzzy classificator is over 42% better than the best single parameter (Table 3 ). The area under the ROC curve (AUC) indicates the power of classification.
The numerical value lies between 0.5 for data records without separation ability and 1.0, if the groups can be completely discriminated. The increase in separation ability has been confirmed by AUC values, as shown in Fig. 3 . 
Discussion
This study describes the occurrence of selected ILs in pleural effusions in comparison to plasma levels in patients with different diseases. High concentrations of IL-6 and IL-11 were found only in pleural effusions that demonstrate the compartmentalization at the site of active disease. IL-15, IL-18 and TNF-a could be found in pleural effusions as well as in plasma, but only in the case of IL-15 the differences of concentrations between the diagnostic groups reached statistical significance. IL-4 could not be found in any of our patients including TB group. Although the immune response against M. tuberculosis depends on the balance between Th1/Th2 response (including IFN-g; IL-10), the health state of the patient and other factors, 5, 26 this parameter seems to be without diagnostic value in this setting.
IL-6 was increased in pleural effusions of all patients irrespective of origin. The explanation of high concentrations of this parameter in the pleural compartment in different illnesses compared to plasma would be their increased production and secretion by local cells. Fibroblasts, endothelium cells, inflammatory or even tumor cells themselves can be such an IL-6 source. 4 Lowest IL-6 values were found in CHF effusions (non-inflammatory origin), the highest measured occurred in TB patients. IL-11 could be found only in pleural effusions, similar to IL-6. There were no positive results in CHF patients. Highest concentrations were found in TB patients. Increased IL-11 synthesis mainly occurs during an inflammatory or a neoplasmatic process. In respiratory epithelial and fibroblast cells, the production of IL-11 is upregulated by inflammatory cytokines and therefore it is thought to play an important role in pulmonary inflammation.
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11 IL-11 also promotes the development of T cell dependent Ig-secreting B cells. This process could play an important role in the immune response against M. tuberculosis.
Increased IL-15 values were measured in pleural effusions and plasma of most patients. It is important that the IL-15 concentration was clearly higher in pleural effusions than in plasma indicating local secretion. Because this cytokine has many various sources, complex local and also systemic effects occur in different diseases, causing higher concentrations of other cytokines and attracting immune cells to inflammatory foci, especially in pleural space. 12, 13 The highest quantities of the IL-15 were measured in BC and CA patients. This confirms the results of other studies that described the induction of the activity of mononuclear cells of the pleura and the blood through IL-15. 12 The high IL-15 concentration that was found in TB patients confirms the results that infection of the macrophages by M. tuberculosis causes a raised IL-15 secretion, modulating immune response from a=b to g=d T cells. 27 Although IL-17 is a cytokine with complex and important regulatory functions in the immune system, we found only few patients with positive results in our study. Because activated cells secrete IL-17, we nearly exclusively detected this parameter in singular patients with thoracic empyema.
IL-18 concentrations in pleural effusions were increased in all diagnostic groups. There were also patients with systemically high IL-18 values (4150 pg/ml), but they had always an acute accompanying process (PN) or a high age. In many studies it was shown that IL-18 has synergistic effects with IL-12 28 and thus plays an important role in intracellular infections (upregulation of the Th1 response). Indeed, most of TB patients investigated here did not express pathological concentration of this marker. The same situation was seen in BC and CA patients. Although IL-18 has antitumor activity by stimulating IFN-g production in Th1 and NK cells 29 and antibody production in B lymphocytes, 30 we did not observe an increase of this cytokine in these patients. We conclude therefore that this substance is not well suitable as a diagnostic marker.
TNF-a was found almost exclusively in TB patients and in individual patients with advanced consuming accompanying illnesses, high age or thoracic empyema. However, it was found only in 46% of all TB patients and therefore cannot be considered as a diagnostic cytokine.
Data analysis with fuzzy logic is one of the first successful attempts to emulate human thinking procedure. 22 Probably therefore the first fuzzylogic applications were used in the medical field, 31 to develop diagnostic models on the basis of the clinical and/or laboratory findings. [32] [33] [34] It is important that this electronically supported diagnostic procedure also involves the explicit knowledge of the physician. The results acquired by fuzzy procedures were essentially better evaluated in comparison with normal evaluation methods of clinical data, 35 mainly in smaller data sets. Larger collectives can be described by multi-variate statistical analysis and are expected to confirm fuzzy results. They should obtain an important place during the evaluation of the laboratory data, because they do not replace the knowledge of the physician, but try to help him to objectify and validate his medical decisions.
In summary, IL-6 and IL-11 were found in high concentrations only in the pleural effusions demonstrating their compartmentalization at the site of active disease. IL-15, IL-18 and TNF-a could be found in pleural effusions as well as in plasma. As a pathogenetic aspect, prominent role of T cells (IL-15) as well as macrophages and other IL-6 producing cells in induction of pleural effusions was confirmed. We could not find any sharp relations between single markers and the accompanying illnesses. Therefore, we attempted to use various inflammation markers from the pleural effusion and other clinical parameters by means of the fuzzylogic modelling for the estimating of the accompanying illness. Such analyses have recently been done on the field of the bronchial and pancreatic carcinoma diagnostics with a tumor marker analysis. 36, 37 We examined different combinations of the ILs and found out that the results preserved by means of fuzzy classificator show a notable increase (23%) of the sensitivity and specificity in comparison with the best single markers. By means of the measured IL-6 and IL-15 concentration in the effusion, it was possible to assign the examined patients to the correct illness group with 80% accuracy. No studies that applied this method for the pleural effusion differential diagnosis are at this time known to us. Our results are, however, an interesting point for the further research on this field, and are expected to be continued by investigating a large group of patients.
